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MODEL OF MUSCLE-TENDON INTERACTION DURING FROG SEMITENDINOSIS FIXED-END CONTRACTIONS RICHARD L. LIEBER*, CYNTHIA G. BROWN and CHRISTINE L. TRESTIK Department of Orthopaedics and Rehabilitation, Biomedical Sciences Graduate Group, Veterans Administration Medical Center and University of California, San Diego, CA 92161, U.S.A. Abstract-A structural model was developed to explain sarcomere shortening at the expense of tendon lengthening in the frog semitendinosis (ST) muscle=-tendon system. The model was based on the data of Lieber et al. [Am. J. Physiol. 261, C&C92 (1991)], who determined the relationship between the sarcomere length, tendon load (as a fraction of maximum isometric tension) and tendon, bone-tendon junction (BTJ), and aponeurosis strain. The model was generated assuming a finite time-course of cross-bridge attachment [Huxley, Prog. Biophys. 7,255-318 (1957)], an ideal sarcomere length-tension relationship [Gordon et al., J. Physiol. 184, 170-192 (1966)] and an ideal force-velocity relationship [Katz, J. Physiol. %, 454 (1939); Edman, J. Physiol. 291,143-159 (1979)]. Functionally, sarcomeres operated on three distinct regions of the length-tension curve: (1) regions where the muscle force decreased as sarcomeres shortened (the shallow and steep ascending limbs); (2) regions where the muscle force increased as sarcomeres shortened and there was little passive tension (descending limb, where sarcomere length < 3.0 pm); and (3) regions where the muscle force increased as sarcomeres shortened and there was a significant passive tension (descending limb where sarcomere length > 3.0 Pm). Using such a physiological model, it was found that the effect of tendon compliance was to ‘skew’ the sarcomere length-tension curve to the right and to increase the operating range of the muscle-tendon unit. Thus, maximum tension in the muscle occurred at an active sarcomere length of 2.0-2.2 pm, whereas in the muscle-tendon system, the maximum tension occurred at a longer resting sarcomere length of about 2.5 Pm. The degree to which the tendon affected the muscle system depended on its material properties and dimensions. These data suggest that tendons are not merely rigid links connecting muscles to bones, but impart distinct properties to the muscular system.



INTRODUCTION



models exist which describe the relationship between skeletal muscle and force production. Such models range from formulations of cross-bridge attachment and detachment rates (Huxley, 1957; Squire, 1990) to phenomenological models of muscle force output as a function of length, activity, and velocity input (Hatze, 1973; Zajac, 1989). In all models muscle force varies as a function of length (Gordon et al., 1966) and velocity (Katz, 1939), which is expected for the muscle contractile component. However, a whole muscle is not simply an amplified sarcomere. Muscle has significant series elasticity within and outside it (Morgan, 1976; Rack and Westbury, 1984). In fact, recent studies demonstrated that skeletal muscle-tendon units may have unique properties compared to the properties of muscle alone (Walmsley and Proske, 1981; Zajac, 1989; Hoffer et al., 1989). Therefore, models which are useful in describing normal movement must account for both muscle and tendon properties as well as their interaction. The recent mammalian muscle-tendon model by Zajac (1989) is generic in that it was designed to apply to any muscle-tendon actuator given appropriate scaling factors. While it admirably accomplishes its purpose, it is not possible to simply apply that model to any muscle-tendon unit in any species since the issues of Numerous
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scaling and species specificity come into play (Schmidt-Nielsen, 1984). Since we were interested in the behavior of the frog semitendinosis (ST) during normal locomotion (Mai and Lieber, 1990), our purpose was to develop a model for this particular muscle-tendon actuator that was based on experimental data in order to determine the tendon’s influence in this system. A brief report of this work has appeared elsewhere (Lieber and Leonard, 1989). METHODS



Biomechanical experiments The model chosen for this study was the dorsal head of the frog semitendinosis (ST) muscle-tendon unit (Rana pipiens). This model was chosen based on the muscle’s well-established sarcomere length-tension properties (Gordon et a/., 1966) and previous studies establishing the relationship between muscle and joint properties (Lieber and Boakes, 1988; Mai and Lieber, 1990). Frogs were sacrificed by double pithing (n= 14 independent experiments) and the ST-tendon unit was carefully isolated along with its attachments ko the pelvis and tibia. The bones of the bone-muscletendon (BMT) unit were clamped to specially designed fixtures which permitted viewing of the bone-tendon interface while maintaining secure contact with the BMT unit (Lieber et al., 1991). The BMT unit was submerged in chilled Ringer’s solution adjusted to pH = 7.0. One clamp was fixed to the moving arm of a



421



422



R. L. LIEBERet al.



A



B Contractile Component (CC)



Parallel Elastic Component (PEC) Fig. 1. (A) Schematic diagram of the frog semitendinosis muscle-tendon unit drawn to scale. Values shown at the top of the figure are lengths in mm (mean + SD. for 14 specimens) of the muscle fiber, aponeurosis, tendon, and bone-tendon junction (BTJ). Note that the ratio of muscle fiber to connective tissue is 1.5 (calculated based on relative lengths as { [2.8 x 2]+ [2.1 x 23 + 5.5}/10.5), rendering this system relatively ‘stiff’ as defined by Zajac (1989). (B) Mechanical analog representing theoretical model. Muscle contractile component with ideal length-tension and force-velocity properties is represented by a schematic sarcomere.



servo motor which permitted simultaneous control of force and measurement of displacement (Cambridge Technology Model 310, Watertown, MA). Dye lines (elastin stain) were applied at intervals along the BMT unit partitioning it into three regions: a region containing the bone-tendon interface (referred to as the bone-tendon junction), a region containing only the bare tendon (tendon), and a region containing the muscle-tendon junction (aponeurosis). Boundaries between these regions were defined somewhat arbitrarily based on morphological appearance. Muscle length was set to L,, the length at which twitch tension was maximal. This occurred at a nominal sarcomere length of 2.45 pm, approximately in the midpoint of sarcomere lengths achievable in the frog semitendinosis with various hip and knee joint configurations (see Fig. 4A of Mai and Lieber, 1990). Passive tension at this length was near the noise level of the transducer (about 100 pg). Following the measurement of maximum tetanic tension (P,), muscles were passively loaded to P, and the strain (a) was measured in three different regions of the connective tissue (Fig. 1A): the muscle-tendon junction (aponeurosis), the tendon, and the bone-tendon junction (BTJ). The average load-strain function for each connective tissue region was calculated (Fig. 2) and it was determined that there was no significant difference between the tendon and bone-tendon junction regions. dual-mode
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Fig. 2. Average load-strain relationship for the three different connective-tissue regions studied. In this experiment, the aponeurosis was significantly more compliant than either the tendon or bone-tendon junction (P 
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